Unlike biological protein pores in lipid membranes, nanopores fabricated in synthetic materials can withstand a wide range of environmental conditions including the presence of organic solvents. This capability expands the potential of synthetic nanopores to monitor chemical reactions occurring at the interface between solutions of organic and aqueous character. In this work, nanopores fabricated in borosilicate glass or silicon nitride connected a predominantly organic solvent to an aqueous solvent, thereby generating a mixing zone between these solutions inside the pore. This configuration was exploited to precipitate small organic molecules with low aqueous solubility inside the nanopores, and concomitantly, to monitor this precipitation by the decrease of the ionic conductance through the nanopores over time. Hence, this method provides a means to induce and investigate the formation of nanoprecipitates or nanoparticles. Interestingly, precipitates with a slight electric charge were cleared from the pore, causing the conductance of the pore to return to its original value. This process repeated, resulting in stable oscillations of the ionic current. Although such oscillations might be useful in fluidic logic circuits, few conditions capable of generating oscillations in ionic currents have been reported. The frequency and amplitude of oscillations could be tuned by changing the concentration of the precipitating molecule, the pH of the electrolyte, and the applied potential bias. In addition to generating oscillations, nanopores that separate two different solutions may be useful for monitoring and mediating chemical reactions in the mixing zone between two solutions.
Introduction
Nanopores fabricated in synthetic materials are attracting increasing interest for the detection of individual molecules or molecular complexes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , separation of molecules from each other [20] , generation of electrical potentials in a bioinspired approach [21] , and studying selective transport in confined environments [17, 19] . Nanopores in nature, such as ion channel proteins, are involved in essential physiological processes ranging from the regulation of membrane potentials and cell volume to sustaining an immune response [22, 23] . Moreover, a few charged atoms in the interior of biological and synthetic nanopores can have dramatic effects on the permeation of ions [24, 25] . These effects have been applied to generate single-molecule sensors as well as fluidic diodes [10, 11, 13, 16, 19, [26] [27] [28] [29] . Moreover, the nanoscale dimensions of these pores permit studying molecular transport in femtoliter volumes as well as interactions between synthetic materials and hydrophobic, polar or charged molecules at the nanoscale [25, [30] [31] [32] [33] [34] . Typically these investigations proceed by measuring ionic currents through a nanopore as a function of an applied potential bias. The frequency, duration, and amplitude of transient variations in the ionic current, caused by the translocation of analytes through the pore, can provide single-molecule information about the concentration, charge and molecular volume of analytes.
Recently, Siwy's group reported the occurrence of oscillatory currents induced by the precipitation of salts (CaHPO 4 , CoHPO 4 , Co(OH) 2 and Mg(OH) 2 ) within the pore [35] [36] [37] . The authors demonstrated that an applied potential bias greater than 0.2 V coupled with the accumulation of ions inside the pore (due to charges on the nanopore surface) resulted in the dynamic precipitation of these salts with concomitant oscillations in ionic current.
Oscillations in the ionic current through the pore indicate that the electrochemical processes within the pore are far from equilibrium, and thus, are an example of a nonlinear chemical system [35] . Such nonlinear chemical systems are rare, fundamentally interesting, and may have unique applications [35] . For instance, ionic current oscillations induced by the precipitation of molecules at the nanoscale may provide a means to induce and investigate the formation of nanoprecipitates as well as to monitor the kinetics of precipitation. Nanoscale precipitates may be useful for (i) determining solubility constants or solubility products, (ii) monitoring crystallization processes, and (iii) formulating nanoprecipitates [38] for pharmaceutical formulations or other technical applications.
Here, we explored the possibility of generating ionic current oscillations by precipitating organic molecules in a nanopore since nanoscale precipitates from organic drug molecules are relevant for the pharmaceutical industry [39] . We were also interested in monitoring the physicochemical processes in the mixing zone between two solutions. For this purpose we set up a nanopore to connect a predominantly organic solvent with an aqueous solvent. We employed a hydrophobic molecule, Tram-34 (a small molecular weight drug that blocks the potassium ion channel K Ca 3.1) [40] , which has a relatively high solubility in organic solvents (here dimethylsulfoxide) and a relatively low solubility in aqueous solutions. Dissolving Tram-34 at millimolar concentrations in the organic solution on one side of the pore led to its precipitation inside the nanopore in the mixing zone between the organic solution and the aqueous solution. Surprisingly, this system not only led to detectable reductions in current through the pore due to precipitation, it also displayed oscillatory behavior. Precipitation was followed by the clearance of the precipitate out of the pore followed by the next cycle of precipitation and clearance.
To explore the mechanisms of the current oscillations due to the precipitating organic molecule, we characterized these ionic current oscillations as a function of the size of the pore, the concentration of the precipitating molecule, the charge of the molecule, and the applied potential bias across the pore.
Results

Ionic current oscillations induced by periodic precipitation of Tram-34 in the mixing zone between two solutions inside a conical nanopore
We identified the ion channel blocker Tram-34 as a molecule that may precipitate in the mixing zone between the two solutions due to its relatively high solubility (10-50 mM) in Two fluidic compartments were created by mounting a chip that contained a nanopore between two pieces of polydimethylsiloxane (PDMS). The top fluid compartment was filled with a solution containing 5 mM KCl in 75% (v/v) dimethylsulfoxide and 25% (v/v) water while the bottom compartment was filled with 5 mM KCl in pure water. Currents were recorded through a conical nanopore with a tip diameter of 500 nm that was fabricated in borosilicate cover glass. dimethylsulfoxide and its low solubility (∼2 μM) in aqueous solutions. One of the two amines in Tram-34 has a pK a value of ∼0.4 and therefore at neutral pH, approximately 1 out of every 6.3 million molecules are positively charged (due to the aromatic character of Tram-34, we expect the second amine to have a pK a value even smaller than 0.4). In order to carry out resistive-pulse recordings of the precipitation of Tram-34 inside of pores as shown in figures 1(A) and (B), we prepared the organic solution such that it contained 5 mM KCl in 75% (v/v) dimethylsulfoxide and 25% (v/v) water and filled the top fluidic compartment of the recording setup with this solution. The bottom fluidic compartment contained a purely aqueous solution, with 5 mM KCl ( figure 1(C) ). To connect these two solutions, we used a conical nanopore fabricated in borosilicate cover glass with a tip diameter of 500 nm (figure 1) [2, 41, 42] or a cylindrical nanopore fabricated in silicon nitride with a diameter of 92 nm and a length of 275 nm. To induce precipitation in the mixing zone between the two figure 1(B) . The insets illustrate the effects of electroosmotic flow, which depending on the polarity of the potential bias, filled the narrowest constriction of the pore with either the aqueous solution of relatively low viscosity (high conductance) or with the predominantly organic dimethylsulfoxide solution of relatively high viscosity (low conductance). Note that dimethylsulfoxide and water are miscible generating a mixing zone in the pore. Currents were recorded under the same conditions as in figure 1 .
solutions, we added Tram-34 to the organic dimethylsulfoxide solution in the top fluidic compartment and applied a potential bias of +0.4 V to the top compartment relative to the bottom compartment (the bottom compartment was always electrically grounded). Figure 1 (A) illustrates that this configuration led to remarkably regular, large-amplitude oscillations in the recorded ionic current. In contrast, figure 1(B) shows stable baseline currents recorded in the absence of Tram-34.
Although we expected to observe a reduction of the baseline current due to the precipitation of Tram-34 inside the nanopore, the oscillations shown in figure 1(A) were surprising. Remarkably, tens of seconds after the current reached a value of only 15% of its initial value, it returned rapidly (within 1-200 ms) to the original value indicating that the pore somehow reopened periodically. These current oscillations persisted over the entire course of the experiment (sometimes for several hours).
Interestingly, we only observed these ionic current oscillations at applied potential biases of positive polarity. We attribute this result to the direction of the electroosmotic flow in the pore, which was directed from the top compartment toward the bottom compartment at a positive polarity, see figure 2 [43] . We previously confirmed that this electroosmotic effect can result in the ion current rectification shown in figure 2 due to the different viscosities, and hence, resistivities of the two solutions [43] . In the work presented here, electroosmotic flow filled the narrowest constriction of the pore with the solution from the top compartment when the top compartment was biased positively. This solution contained Tram-34 and induced a detectable decrease in the current due to precipitation of Tram-34 inside the pore. In the absence of Tram-34, the conductance at negative potential biases was higher than at positive potential biases, while in the presence of Tram-34, the conductance was higher at positive potential biases that at negative potential biases. The solutions were the same as described in figure 1.
Reducing the diameter of the nanopore increased the frequency of ionic current oscillations
To determine if the dimensions of a pore influence the frequency of the ionic current oscillations, we repeated the experiment described in figure 1 with a cylindrical nanopore in silicon nitride with a diameter of 92 nm and a length of 275 nm. Due to its small diameter, we expected this nanopore to be blocked by a precipitate at a faster rate than the pore shown in figure 1. Figure 3 (A) shows that the same concentration of Tram-34 resulted in ionic current oscillations at an approximately 20 times greater frequency than those observed with the 500 nm pore in figure 1(A). Interestingly, in the case of the 92 nm pore in silicon nitride, the ionic current oscillations occurred at a negative applied potential bias of −1.0 V and not at an applied potential bias of positive polarity.
Adsorption of Tram-34 to pores in silicon nitride led to the reversal of electroosmotic flow
To understand the occurrence of oscillations at negative applied potential biases with pores in silicon nitride, we plotted average ionic currents through this pore as a function of the applied potential bias before and after the addition of Tram-34 ( figure 3(B) ). In the absence of Tram-34, we observed a larger resistance under positive potential biases compared to negative potential biases. This result indicates that the electroosmotic flow was directed from the more viscous, and hence more resistive, solution in the top compartment toward the bottom compartment [43] . The direction of the electroosmotic flow indicates that the wall of the pore in silicon nitride displayed a net negative charge in the absence of Tram-34. Figure 3 (B) shows that after the addition of Tram-34 the larger resistance occurred at potential biases with the opposite polarity (i.e. at negative potential biases). This result indicates a reversal of the electroosmotic flow, which would be expected for a net positive charge on the walls of the pore. Additional evidence for this reversal of the direction of electroosmotic flow stems from the resistance of the pore: under negative potential biases and before the addition of Tram-34 the resistance through the pore (R = 1.05 ± 0.08 M ) was similar to the resistance of the pore under positive potential biases after the addition of Tram-34 (R = 0.98 ± 0.07 M ) [43] . We and Martin's group demonstrated previously that neutral or charged drugs can adsorb to the walls of a nanopore and change the charge on the walls of the pore. This adsorption can in turn affect the magnitude or direction of electroosmotic flow as well as the permeation of ions [43, 44] . Consequently, we attribute the reversed direction of the electroosmotic flow to adsorption of Tram-34 molecules to the pore walls. Due to the presence of a small fraction of Tram-34 molecules with a positive charge, this adsorption could impart a positive charge on the walls of the pore and reverse the direction of the electroosmotic flow. The reversed direction of the electroosmotic flow due to the adsorption of Tram-34 had the consequence that negative potential biases were required to fill the nanopore with the solution from the top compartment, and consequently, facilitate the transport of Tram-34 into the nanopore. Therefore, we observed oscillations only at negative potential biases in contrast to experiments in glass, which showed oscillations only at positive potential biases. In pores fabricated in glass, the presence of Tram-34 did not reverse the direction of the electroosmotic flow. We attribute this behavior to the significantly greater density of negative charges on glass compared to silicon nitride [45, 46] . The results in figures 1 and 3 suggest that sub-monolayer coverage of the glass surface with Tram-34 led to a surface with a net negative charge while it led to a net positive charge on the silicon nitride surface.
Ionic current oscillations increased in frequency with increasing concentrations of Tram-34
To investigate the effect of the concentration of Tram-34 on the frequency of ionic current oscillations, we titrated increasing amounts of Tram-34 into the predominantly organic solution in the top fluidic well. To characterize these ionic current oscillations, we determined the average time that the pore was open, the average time that the pore was closed, and the probability that the pore was closed as a function of the concentration of Tram- Plots of the frequency of ionic current oscillations (C), the average time interval during which the current through the pore was greater than 50% of its maximum value (D), the average time interval during which the pore remained blocked by a precipitate (E), and the closed probability (F), as a function of the applied potential bias. The solutions were the same as described in figure 1 ; the conical pore was fabricated in glass with a tip diameter of 640 nm.
ing concentrations of Tram-34. From this data, we calculated the probability that the pore was closed and determined that it was independent of the Tram-34 concentration with an average value of 9.4 ± 5% (N = 6). In other words, the pore was open ∼90% of the time and closed ∼10% of the time, independent of the concentration of Tram-34.
To determine whether the time required for the pore to reopen was dependent on the concentration of Tram-34, we measured the time between the end of the closed state and the beginning of the open state for at least 20 current oscillations. Surprisingly, the opening of the pore occurred over two timescales differing by an order of magnitude; figure 4(F) shows that at Tram-34 concentrations less than 0.63 mM, the time required to reopen the pore was independent of the concentration of Tram-34 and occurred over ∼0.15 s while at concentrations greater than 0.63 mM, the reopening occurred over ∼0.03 s. Interestingly, figure 4(E) shows current oscillations recorded in the presence of 0.63 mM Tram-34 with reopening of the pore occurring over both timescales. The low frequency oscillations shown in figure 4(E) in light grey have opening times of 0.2 s while the high frequency oscillations shown in dark grey and marked with a star have opening times of ∼0.03 s.
The frequency of ion current oscillations increased with increasing applied potential bias
We hypothesized that with an increased applied potential bias, and hence increased electroosmotic flow of the solution from the top fluidic compartment into the pore, the frequency of ionic current oscillations would increase as a consequence of increased transport of Tram-34 into the pore [47] [48] [49] . Figure 5(A) shows the average ionic current through the pore for various potential biases, and figures 5(B) and (C) show that, as expected, the frequency of ionic current oscillations increased with increasing applied potential bias, when a threshold of +0.4 V was exceeded. Furthermore, figure 5(D) shows that the average time interval during which the pore remained open decreased with increasing applied potential biases; similarly, figure 5(E) shows that the average time interval during which a precipitate blocked the pore also decreased with increasing applied potential biases. In contrast to the dependence of current oscillations on the concentration of Tram-34, figure 5(F) shows that the probability for a closed pore increased with increasing applied potential bias, and the time required for the pore to transition from the closed state to the open state (0.5 ± 0.2 s) was independent of the applied potential bias.
Charged molecules are required to generate oscillations of ionic current
To investigate the effect of the partial charge of Tram-34, we compared the ionic current oscillations induced by Tram-34 in HEPES buffered solutions with pH values of 6.2, 7.2 or 8. Figure 6 shows that current oscillations occurred at the highest frequency in the solutions with a pH of 6.2 compared to the solutions with a pH of 7.2 or 8.2. At a pH value of 8.2, we observed a slow (over 2-3 min) decrease in the ionic current due to the precipitation of Tram-34; in this case, we did not observe the reopening of the pore. To confirm that the pHdependence of the ionic current oscillations was due to the change in the fraction of charged Tram-34 molecules and not to an artifact of the HEPES buffer, we repeated these experiments with solutions prepared with phosphate buffer; again, ionic current oscillations occurred with the highest frequency in the solutions with a pH of 6.2 and none occurred in the solutions with a pH of 8.2. This result suggests that the precipitate of Tram-34 must contain at least a few positive charges in order for the nanopore to reopen. Assuming spherical molecules of Tram-34 with a volume of 308Å 3 [40] pack with hexagonal closest packing into a spherical precipitate at the tip of the pore with a diameter of 500 nm, approximately 1.28 million Tram-34 molecules would be expected on the surface of the precipitate particle. Thus, in solutions with a pH of 6, this precipitate would be expected to have an average of ∼2 positive charges on its surface, while in solutions with a pH of 8 the precipitate would have an average of only ∼0.02 positive charges on its surface. These considerations are consistent with the results in figure 6 and indicate, but do not prove, that the pH of the solutions could influence the ejection of precipitates of Tram-34 from a pore with an applied electric field along its length axis. Changes in the pH of the electrolyte also affect the density of negative charges on the surface of the glass pore, and as a result, we cannot exclude the possibility that changes in the density of negative charges on the surface of the pore during this experiment may have affected the signature of the ionic current oscillations. We expect, however, that as the pH of the electrolyte decreased from 8.2 to 6.2, the increased frequency of ionic current oscillations and the clearance of the precipitate from the pore (in electrolytes with pH 7.2) was primarily due to the 100-fold increase in the fraction of positively charged Tram-34 molecules since the density of negative charges on the glass surface decreases only by ∼5-fold over this range of pH values [46, 50] .
To provide additional evidence that the charge of the precipitating molecule was primarily responsible for the clearance of the precipitate from the pore, we attempted to observe ionic current oscillations with the electrically neutral molecule felodipine. The solubility of felodipine in aqueous solutions is ∼50 μM, and therefore, we expected this molecule to precipitate in the mixing zone between the two solutions in the pore when the dimethylsulfoxide solution on top of the chip contained a relatively high concentration of felodipine. Figure 7 shows that in the presence of 630 μM felodipine in the top compartment the current through the pore decreased by more than 85%, and the pore remained blocked by the felodipine precipitate during the entire course of the experiment. This result suggests, not surprisingly, that the mechanism of precipitation can also occur with uncharged molecules. It also suggests that precipitates of organic molecules with low aqueous solubility must contain a minimum charge to be removed from the pore and to generate oscillations in the ionic current.
To examine the effect of the electrostatic interaction between charged molecules and the charge of the pore, we performed three experiments with a negatively charged molecule, indomethacin (pK a = 4.5 and a solubility in water of 11 μM at pH 1.2) [51] , and with pores of different surface charge (i.e. negative, neutral, or positive). In solutions with a pH of 3 and with an unmodified, negatively charged pore in glass (conical tip diameter of 300 nm), the addition of indomethacin to the top compartment caused a slow decrease in the magnitude of the total current to values that were ∼75% of the original current over ∼1 h. We obtained nearly identical results using the same pore at pH = 1, which neutralized the majority of the negatively charged silanol groups of the glass pore [52, 53] . The results at pH values below the pK a of indomethacin suggest the predominantly neutral molecules of indomethacin slowly adsorbed to the walls of the unmodified pore. We next modified the same pore with polyethylenimine such that the pore exposed positive charges on its surface. Using this modified pore and solutions with a pH of 3, we observed transient oscillations in the ionic current when concentrations of indomethacin exceeded 1.4 mM in the top compartment and when the applied potential bias was between −0.5 and −1.0 V. Several periods of oscillations occurred that persisted for 30-60 s with a frequency of 0.05-0.43 s −1 . This result suggests that electrostatic attractions between the positively charged pore walls and the small fraction of negatively charged indomethacin molecules, as well as electrophoretic forces acting on the charged precipitate, were involved in the occurrence of oscillations.
Discussion
This paper introduces the possibility to monitor the precipitation of organic molecules with low aqueous solubility in a nanopore. These precipitates almost completely blocked the permeation of ions through the pore and under certain conditions these precipitates were cleared from the pore leading to oscillations in the current. A significant question that remains is: what process governs the reopening of the pore? Possible mechanisms include the periodic ejection of the precipitate from the pore or the periodic dissolution of the precipitate as observed previously with inorganic salts by Siwy and co-workers.
Siwy's group reported ionic current oscillations in pores due to precipitation of inorganic salts. In that system, the authors theorized that the precipitation of salts and the subsequent dissolution of these precipitates were responsible for the ionic current oscillations [35] . The precipitation of the salts was found to be a consequence of the charged surface of the pore and the applied potential bias, which resulted in an accumulation of these salts in the pore to concentrations two to three orders of magnitude greater than their solubility product [35] . Consistent with this mechanism of precipitation, the authors proposed that the dissolution of the precipitate occurred because, in the presence of a precipitate, the applied potential bias dropped over the length of the precipitate rather than over the entire length of the pore. Consequently, the concentrations of ions in the solution near the pore decreased to values below the solubility product permitting the dissolution of the precipitate and the reopening of the pore [35] .
The processes governing the precipitation of the organic molecules in the work presented here and the subsequent reopening of the pore may be different than in the system reported by Siwy's group, since here the precipitation of organic molecules in the pore is governed by the different solubility of Tram-34 in the two different solutions on either side of the pore. We propose that the precipitation begins on the walls of the pore and in the mixing zone between the two solutions because these organic molecules have a very low solubility in the aqueous solution. Evidence for the nucleation of the precipitate on the pore walls includes the slow reductions in current over tens of seconds and the reversal of the direction of electroosmotic flow in silicon nitride pores after addition of organic molecules that contain a very small fraction of molecules with a charge opposite to that of the pore wall.
Based on a mechanism of precipitation different from the work presented by Siwy and colleagues, a possible explanation for reopening of the pore in the work presented here could be the ejection of the precipitate from the pore due to the applied electric field rather than due to the dissolution of the precipitate. We observed that the average duration during which the pore was closed decreased with increasing concentrations of Tram-34 ( figure 4(D) ). This result would not be expected if the reopening of the pore were governed by the dissolution of the precipitate. Furthermore, the average duration during which the pore was closed also decreased with increasing electric fields ( figure 5(E) ). This observation would be consistent with the ejection of the precipitate from the pore due to electrophoretic or electroosmotic forces acting on the precipitate. Finally, we observed that electrically neutral molecules such as felodipine precipitated in the pore but were never removed from the pore ( figure 7) . Similarly, in solutions with high pH values that further reduced the fraction of Tram-34 molecules with positive charge, a precipitate formed in the pore but was never cleared from the pore. In contrast, in solutions with low pH values, Tram-34 precipitates in the pore had a slight positive charge, and these precipitates were cleared from the pore in an oscillatory fashion. Together these results suggest that an electrophoretic force on the precipitate due to the applied electric field and its small partial charge may be required to force the precipitate from the pore.
In contrast to this theory and similar to recent results obtained by Siwy's group [37] , we observed that the time for the pore to transition from the closed state to the open state did not depend on the magnitude of the applied potential bias. If the reopening of the pore would depend on an electrophoretic force on the particle, we would expect the time for the precipitate to move out of the pore to decrease with increasing electrophoretic force due to the electric field strength. Hence, this particular result suggests that electroosmotic or electrophoretic forces may not have been responsible for the reopening of the pore and favors the theory that precipitates dissolved rapidly after their formation.
We cannot rule out the possibility that both dissolution and electrophoretic forces play a role in the clearance of the pore. The observation that electrically neutral molecules precipitated by apparently the same mechanisms as slightly charged molecules while never clearing the pore in the same manner as charged precipitates, suggests that an electrophoretic force on the precipitate plays some role in reopening the pore, possibly by ejecting the precipitate electrophoretically from the pore.
Conclusion
This paper demonstrates a method to generate ionic current oscillations with various frequencies and amplitudes based on the concentration of Tram-34 and the applied electric field. These oscillations could be useful in areas of fluid electronics and fluid logic circuits, in which oscillations in ionic current remain unusual, in contrast to the phenomena of ion current rectification [19, 35, 54] .
Furthermore, we demonstrated ionic current oscillations induced by the precipitation of organic molecules, including therapeutic drugs, with low aqueous solubility. The solubility of drugs is one of the first properties determined for new drug candidates because it is related to their bioavailability; the low aqueous solubility of many drug candidates is a key reason for excluding them from further trials [39] . Hence, rapid methods to determine the solubility of small molecules are useful for the pharmaceutical industry [39] . We propose that with adequate models to describe the mixing of the two solutions within the nanopore, this technique could yield information about the solubility of drug molecules. In addition, many of the molecules being screened to determine their solubility are early in the discovery process, and may therefore, be available in limited quantities and may be expensive [55] . Methods of determining solubility with minimal amounts of the drug candidate and reagent volumes would be beneficial for the field of drug discovery. The technique we presented here could be integrated with microfluidics to reduce reagent volumes below microliters.
We demonstrated that precipitates with a slight net charge could, under certain conditions, be removed from the nanopore in an oscillatory fashion. This unusual characteristic permitted the precipitation process to repeat indefinitely. Further investigations may make it possible to understand the processes governing the reopening of the pore completely. If the reopening of the pore entails the ejection of a formed precipitate, future techniques may make it possible to produce and collect nanoprecipitates formed from drug molecules. These nanoprecipitates may replicate the size and shape of the nanopore, and hence, have a well defined, predetermined shape. Suspensions of nanoprecipitates may be of interest to the pharmaceutical industry since the size of the precipitate affects the rate of dissolution and release of the drug from the precipitate. Currently, the smallest nanoprecipitates formed from drug molecules are about 100-200 nm in diameter [56] . With fabricated nanopores that have diameters smaller than 100 nm, this technique could potentially produce nanoprecipitates of drug molecules with diameters smaller than 100 nm. Finally, the work described here employed a nanopore that connected two solutions of different solvent character, and thus, generated a mixing zone between these solutions inside the pore. Since processes that occur inside a nanopore can typically be detected by a change in the ionic current, chemistry that occurs at the interface between two solutions could potentially be explored and monitored at the nanoscale and in real time. For example, the formation of nylon occurs at the interface between an aqueous solution and a solution of hexane. To exploit nanopores for examining processes occurring between two solutions, accurate, electrochemical models with high resolution in time will be required to describe the mixture of electrolytes and reagents in the pore [35] .
Materials and methods
Solutions and materials
To obtain conducting solutions with different solvent characteristics, we prepared a solution of 5 mM of potassium chloride (KCl) in pure water, and a solution of 5 mM KCl in a mixture of 75% (v/v) dimethyl sulfoxide (DMSO) and 25% (v/v) deionized water (ρ = 18.2 M cm, Millipore). Where indicated, we also added 5 mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer or 5 mM of dipotassium phosphate buffer (K 2 HPO 4 ) to these solutions.
We adjusted the pH value of the solutions to 6.2, 7.2, or 8.2 by adding hydrochloric acid (HCl) or potassium hydroxide (KOH). We purchased Tram-34 (1-[(2-Chlorophenyl)diphenylmethyl]-1H-pyrazole), felodipine (Plendil, 4-(2,3-Dichlorophenyl)-1,4-dihydro-2,6-dimethyl-3,5-pyridinecarboxylic acid ethyl methyl ester), and indomethacin (1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-3-indoleacetic acid) from Sigma-Aldrich, Inc. (Saint Louis, MO); all molecules were dissolved in pure dimethylsulfoxide for storage. We purchased linear polyethylenimine, M.W. ∼25 kDA from Polysciences Inc. (Warrington, PA).
Nano-and micropores
Following a previously described process, we used a femtosecond pulsed laser followed by an etch with hydrofluoric acid (HF) to fabricate conical pores with tip diameters of 500, 640 and 1000 nm in borosilicate glass (thickness ∼ = 150 μm, Corning 0211, Fisher Scientific, Pittsburgh, PA) [2, 4, 41, 42] . Prior to each experiment, we cleaned the glass substrates with the conical pores in a freshly prepared, hot mixture of 3:1 (v/v) concentrated sulfuric acid, and 30% (v/v) hydrogen peroxide for at least 15 min. Professor Jiali Li, University of Arkansas, AR, kindly provided a second cylindrical pore with a diameter of 100 nm that was fabricated in a 275 nm thick silicon nitride membrane [29, 57] . We cleaned these pores in the same fashion as the pores in glass. In order to provide support for the substrates that contained the pores and in order to integrate fluidics, we fabricated a simple poly(dimethylsiloxane) (PDMS, Sylgard 184 Silicone, Dow Corning, Midland, MI) support as shown in figure 1 . Where indicated, we generated a pore exposing positive surface charges by incubating the pore in an aqueous solution containing 0.1% (w/w) polyethylenimine for 10 min followed by rinsing the glass chip with deionized water and incubating the dry chip in an oven at 50
• C for 1 h.
Electrical recordings
We used Ag/AgCl pellet electrodes (Warner Instruments, Hamden, CT) to record ion currents. For each recording, we placed the experimental setup in a Faraday cage (Warner Instruments, Hamden, CT) and recorded the electrical current using a patch-clamp amplifier (Axopatch 200B, Molecular Devices Inc.) in voltage clamp mode with the analog lowpass filter set to a cutoff frequency of 2 kHz. We used a low noise digitizer (Digidata 1322) with a sampling frequency set to 10 kHz in combination with LabVIEW recording software for all recordings. We performed all data processing using Clampfit 9.2 (Axon Instruments, Union City, CA). At each applied potential difference, we averaged the current over a period of 60 s. All polarities of the applied potential differences refer to the top fluid compartment relative to the bottom fluid compartment, which was always connected to ground.
